We report the ligand dependence of the conformer distribution in the distal heme pocket of Ascaris suum hemoglobin (Hb) studied by resonance Raman spectroscopy. The heme-bound CO is used as a spectroscopic antenna to probe the original distribution of conformers in the dioxygen derivative of Ascaris Hb, by utilizing sol-gel encapsulation. The first step is to encapsulate the dioxygen derivative in the porous sol-gel and let the gel age, thus trapping the equilibrium conformational distribution of Ascaris dioxygen Hb. In the second step, the dioxygen ligand is replaced by CO. The sol-gel environment impedes any large scale movements, drastically slowing down the conformational relaxation triggered by the ligation change, essentially "locking in" the initial quaternary and even tertiary structure of the protein. Studying the Fe-CO frequencies of the latter sample allows evaluation of the distribution of the distal heme pocket conformers that was originally associated with the dioxygen derivative. Extending the study to the Ascaris mutants allows for examination of the effect of specific residues in the distal pocket on the conformational distribution. The choice of mutants was largely based on the anticipated variation in hydrogen bonding patterns. The results show that the sol-gel encapsulation can slow or prevent re-equilibration within the distal heme pocket of Ascaris Hb and that the distribution of distal heme pocket conformers for the CO derivative of Ascaris Hb in the sol-gel is highly dependent on the history of the sample. Additionally, we report a detailed study of the CO complex of the mutants in solution for assignment of the various heme pocket conformers, and we present a comparison of the sol-gel data with solution data. The results support a picture in which the dioxygen derivative biases the population strongly toward a tightly packed configuration that favors the network of strong hydrogen bonding interactions, and suggest that Ascaris Hb is uniquely designed for dioxygen capture.
Ascaris Hb, 1 an invertebrate hemeprotein found in the perienteric fluid of the parasitic nematode Ascaris suum, has been of much interest due to its extreme oxygen binding properties. Ascaris Hb shows very high O 2 affinity (K D ϭ 2.7 nM compared with 857 nM in Mb), arising from an extremely slow dissociation rate (k off ϭ 0.0041 s Ϫ1 ) (1) (2) (3) (4) . Ascaris Hb has a distal glutamine residue at the E7 position (Gln-E7) and a tyrosine residue at the B10 position (Tyr-B10) (Fig. 1) . It has been proposed that a network of hydrogen bonds connecting these two residues to the heme-bound ligand is responsible for this extremely low oxygen dissociation rate (5) (6) (7) (8) (9) (10) . Recent calculations support this picture by showing that the hydrogen bonding of the oxygen to the B10 tyrosine (11) alone does not account for this low dissociation rate.
Recently it was suggested that the interactions of the Gln-E7 and Tyr-B10 with the heme-bound CO result in two active site conformers as manifested in the vibrational spectra. Visible excitation resonance Raman spectroscopy revealed two distinct Fe-CO stretching frequencies ( Fe-CO ) at 543 and 515 cm Ϫ1 that correlate with two C-O stretching frequencies at 1909 and 1948 cm Ϫ1 , respectively (10) . The C-O stretching frequencies observed in the resonance Raman spectra are consistent with those measured by Fourier transform IR in which broad, strong transitions were detected at 1912 and 1956 cm Ϫ1 , and a weak shoulder was detected at 1965 cm Ϫ1 (9) . The conformer with the high Fe-CO stretching frequency (543 cm Ϫ1 ) was termed the H conformer and that with the lower frequency (515 cm Ϫ1 ) was termed the L conformer. It was proposed that the population giving rise to the 543/1909 -1912 cm Ϫ1 set of peaks corresponds to a conformation of the distal heme pocket in which the B10 and E7 residues are in close proximity to the bound CO. This postulate was supported by studies of the Tyr-B10 3 Phe mutant in which the 543/1909 -1912 cm Ϫ1 bands were absent (9, 10) . On the basis of earlier experimental and theoretical studies (9 -11) on the determinants of the heme-bound CO stretching frequency (also see Ref. 12 for Mycobacterium tuberculosis Hb and Ref. 13 for a review on carbonmonoxy myoglobin), it can be concluded that strong polar interactions, such as the ones arising from the close proximity of the Tyr-B10 phenol proton to the bound CO, are the dominant factors that cause such high Fe-CO and low C-O frequencies. Thus these solution phase studies show that there is conformational heterogeneity associated with the distal heme pocket of the CO-bound derivative of Ascaris Hb. Moreover, the vibrational data indicate that in solution there are accessible conformations of the distal pocket of Ascaris HbCO that can support strong interactions between polar residues and the CO ligand (10), anticipated to be similar to the hydrogen bonding patterns for the oxy complex of Ascaris Hb as suggested by the kinetics (1-3, 6 -7, 9) and the crystal structures (5) .
However, the x-ray crystallographic data from the dioxygen derivative of Ascaris Hb reveals only a single well defined conformation of the distal heme pocket (5) . Unfortunately, the crystal structure for Ascaris HbCO is not available, preventing a direct comparison. Indeed, it is possible that the presence of only one conformation for the dioxygen derivative in the x-ray structure may be an artifact of a crystal versus solution comparison. Nevertheless, it is more plausible that heme-bound dioxygen, because of its strong hydrogen bonding tendencies, is likely to heavily bias the distribution of accessible distal heme pocket conformations toward conformations that favor the network-forming interactions among B10, E7, and the bound dioxygen. Heme-bound CO is less likely to bias the distribution in the same way, as the CO ligand has lesser capacity for hydrogen bonding than dioxygen. Solution UV excitation resonance Raman spectra are consistent with this scenario, displaying ligand-specific differences in the degree of polar interaction between the heme-bound ligand and the B10 tyrosine (8) .
The above analysis suggests that the distribution of conformers of the distal heme pocket of Ascaris Hb is likely to be ligand-dependent. To test this hypothesis spectroscopically, one would like to characterize the conformational distribution of the dioxygen derivative. That is a tricky task because the vibrational frequencies of the dioxygen derivative (Fe-O-O) are often insensitive to environmental changes (14) . (For an exception to insensitivity see Ref. 15) . We propose to use hemebound CO as a spectroscopic antenna to probe the original distribution of conformers for the dioxygen derivative of Ascaris Hb, by utilizing sol-gel encapsulation. Scheme 1 depicts the experimental approach.
Protocol 1, trapping the dioxygen derivative equilibrium structure The first step is to encapsulate the dioxygen derivative in the porous sol-gel and let the gel age, thus trapping the equilibrium conformational distribution of Ascaris dioxygen Hb (HbO 2 ). In the second step, the dioxygen ligand is replaced by CO, as the sol-gel readily allows the exchange of solute and small ligands in and out of the gel matrix and the protein. However, the sol-gel environment impedes any large scale movements, drastically slowing down the conformational relaxation triggered by the ligation change, essentially "locking in" the initial quaternary and even tertiary structure of the protein. Indeed, previous studies show that sol-gel encapsulation protocols can be used to lock in nonequilibrium quaternary and tertiary conformations of tetrameric Hb (16 -21) and tertiary conformations of both Mb (21) (22) and human transferrin (24) . When referring to sol-gel samples, we use a notation that records the history of the sample. We use square brackets to denote entrapment of the equilibrium structure of the protein during gelation, and changes made in sample after gelation are differentiated by identifying the initial structure as a subscript. For example,
[HbCO] denotes a sol-gel sample of the CO derivative, and [Hb oxy CO] denotes a sample that was initially trapped in solgel as the dioxygen derivative and only subsequently to gelation and aging was the dioxygen replaced by a CO ligand (see Scheme 1 ). The latter sample could then be probed spectroscopically. The Fe-CO frequencies in the Raman spectra are used to determine whether the distribution of the distal heme pocket conformers is dependent on the history of the sample with the expectation that the sample that was initially oxygenated should manifest an enhanced population of the bound CO that is influenced by the close proximity of the B10 tyrosine.
Extending the study to Ascaris mutants allows examination of the effect of specific residues in the distal pocket and their polarity on the conformational distribution. The mutant forms are selected based largely on the anticipated variation in hydrogen bonding patterns. Additionally, a study of the mutants was conducted in solution for the purpose of assigning various stretching and bending frequencies with different conformers, in particular for those associated with the FeCO moiety. These assignments allow us to compare the solution data, and the sol-gel data (both protocols), and make a comparative analysis of the population distribution of individual FeCO conformers.
The results show that the sol-gel encapsulation can slow or prevent re-equilibration within the distal heme pocket of Ascaris Hb and that the distribution of distal heme pocket conformers for the CO derivative of Ascaris Hb in the sol-gel is highly dependent on the history of the sample. The results support a picture in which the dioxygen derivative biases the population more strongly toward a tightly packed configuration that favors a network of strong hydrogen bonding interactions.
EXPERIMENTAL PROCEDURES
Purification of Active Site Mutants of Ascaris Hb-The active site mutants, at E7 and F7 positions (all are D1 domain mutants), and the wild type (either the D1 or D2 domains) proteins were prepared as described elsewhere (25) . Unless mentioned otherwise, the wild type and all mutants of Ascaris referred here are D1 domain proteins. The amino acid residues in Ascaris Hb are named in reference to its helical position (in analogy to helical nomenclature of sperm whale Mb). Resonance Raman Spectroscopy-The excitation wavelength for the resonance Raman experiments was 413.1 nm from a CW Kr-ion laser (Spectra Physics, Mountain View, CA). Details of the procedure have been described elsewhere (26) . The optical absorption spectra (UV-2100U spectrophotometer, Shimadzu, Kyoto, Japan) were recorded prior to and after the Raman experiments to ensure stability of a sample in its desired ligation state.
Sample concentrations were 50 -500 M Hb in 100 mM sodium phosphate buffer, pH 7. 4 ) . The laser power was maintained at ϳ0.5 milliwatt at the sample to minimize CO dissociation. For the reduced (deoxy) protein, the laser power was 5 milliwatts. The procedures for making the resonance Raman measurements with sol-gel samples in NMR tubes have been described elsewhere (16) . Resonance Raman spectra in the low frequency region are usually normalized to the intensity of 7 line at ϳ675 cm Ϫ1 for comparison. Preparation of Sol-gel Encapsulated Hb-Sol-gel encapsulated Hb samples were prepared as thin films lining the bottom of either 5-or 10-mm diameter NMR tubes, following the method described previously (22) (23) . The oxy complexes were made by adding dioxygen gas to deoxy samples. The deoxy samples were prepared using a minimal quantity of aqueous dithionite under anaerobic conditions (ligation states of Hb were verified by optical spectra). The dioxygen ligand was replaced by changing the buffer with CO-saturated buffer also containing dithionite. Because the oxy form of the Gln-E7 3 His mutant was not stable, first the Met form was encapsulated, and subsequently CO and dithionite were added (to reduce the heme iron). Anaerobic conditions were maintained in the NMR tube containing sol-gel samples for making the CO derivatives.
When needed as a control, sol-gels of the CO derivative, [HbCO], were also made and compared both to solution samples of the CO derivative and to sol-gels of the original dioxygen derivative, [Hb oxy CO].
RESULTS
Optical Spectra-The optical spectra of the E7 and F7 Ascaris Hb mutants in the visible region ( Fig. 2) are useful for examination of the ligation states of the heme. The spectra of the deoxy species of all the mutants studied here except the Gln-E7 3 His mutant are typical of high spin ferrous Hbs, displaying a broad band centered at ϳ555 nm. In contrast, the spectrum of the Gln-E7 3 His mutant is indicative of a sixcoordinate ferrous low spin heme with the signature bands at 530 and 559 nm. Similar six-coordinate low spin ferrous species have also been observed in some other non-vertebrate Hbs (27) (28) (29) (30) . Upon binding with exogenous ligands, however, the intrinsic sixth ligand is displaced in these hemoglobins. In a similar manner, CO replaces the resident sixth ligand in the Gln-E7 3 His mutant, and the CO complex displays two visible bands at ϳ540 and ϳ570 nm, similar to those in the CO complex of the wild type and of the other Ascaris mutants studied here. Optical spectra, however, do not provide the stereochemical details that are essential for understanding ligand interactions in the heme pocket.
Probing the Ascaris Mutants in Solution
Assignment of Fe-CO Top panel, spectra of deoxy (dithionite-reduced form); bottom panel, spectra of the CO-bound form in the 480 -640 nm region, and samples in 100 mM sodium phosphate buffer, pH 7.5. In the reduced form, all spectra are typical deoxy-Hb types, except the Gln-E7 3 His mutant that stabilizes a low spin species. Upon binding to CO, however, all spectra bear the signature of HbCO complex. In the H conformer, Tyr-B10 alone or Tyr-B10 plus the E7 residue contributes to interaction (with CO). In the L1 conformer (previously named as L in Ref. 10 ), Gln-E7 alone or Gln-E7 plus the B10 residue contributes to interaction. In the L2 conformer, CO experiences the least polar interaction with neighboring distal pocket residues (see "Discussion" for details of the three conformers). The bending modes of L1 and L2 could not be resolved when the L1 and L2 conformers coexist. The bending modes of L1 and L2 are not resolved because they are weak and very close to each other in frequency.
c ND, Fe-His not detected, it is a six-coordinate low spin heme.
heme pocket. The Fe-CO stretching mode ( Fe-CO ) in the CO complex of hemeproteins is sensitive to interactions of the bound CO with neighboring residues. In the low frequency region of the resonance Raman spectrum, the wild type Ascaris Hb has two Fe-CO frequencies, at 543 and 515 cm Ϫ1 assigned by CO isotope replacement experiments (10) . A third Fe-CO mode at ϳ495 cm Ϫ1 masked by an overlapping porphyrin line but shifted in the 13 C 18 O Raman spectrum ( Fig. 1 in Ref. 10) may be assigned (see Table I ). This assignment is consistent with the observation of a weak shoulder seen in the FTIR spectrum at 1965 cm Ϫ1 (9) assignable to C-O of the third CO conformer. The resonance Raman spectra of the E7 mutants of Ascaris Hb are shown in Figs. 3 and Fig. 5 . The Fe-CO modes in Gln-E7 3 Leu mutant are assigned at 536 and 493 cm Ϫ1 (Table  I) and confirmed by isotope ( 13 C 18 O) replacement experiments (Fig. 3, spectra b and a) . The corresponding lines with 13 noted that although the His-E7 in this mutant apparently binds to the heme iron to form a low spin species in the absence of exogenous ligands, it moves far away from the heme iron when CO binds to the heme such that it does not interact with the bound CO. 
Probing and Comparing Sol-gel Encapsulated Samples
Fe-CO Modes in Sol-gel, Oxy to CO Transition-A comparison of the Raman data on CO complexes in solution with those in the sol-gel reveals that there are minimal differences between the solution samples and the sol-gel encapsulated samples initially prepared as the CO derivative, [HbCO] (see Scheme 1 for nomenclature of sol-gel samples).
However, when comparing the solution phase samples or [HbCO] samples to the encapsulated CO samples that were initially prepared as dioxygen derivatives [Hb oxy CO], interesting differences are observed. Shown in Fig. 3 (spectrum d) (Fig. 7) , namely the spectrum of [wt Hb oxy CO] shows an increase in population of the H conformer ( Fe-CO at 541 cm Ϫ1 and ␦ Fe-C-O at 587 cm Ϫ1 ) compared with [wt HbCO]. The wt D2 fragment also behaved the same way (not shown). It may be noted here that aging of the sol-gel samples did not have any significant effect on the spectrum.
For comparison, the solution spectrum of wt HbCO is also shown (spectrum a) in Fig. 7 . The Fe-CO frequencies as well as their intensities in solution are similar to those in the sol-gel. However, the ␦ Fe-C-O mode is more intense in solution than in the sol-gel. Further studies are required to probe the cause of the lower intensity of the ␦ Fe-C-O mode in the sol-gel.
In contrast, the Gln-E7 3 Asn mutant shows only a marginal increase in the intensity of the 541 cm Ϫ1 line in the sol-gel for the [Gln-E7 3 Leu Hb oxy CO] sample (spectrum c, Fig. 4 ) relative to the solution conditions (spectrum b). In the Gln-E7 3 His mutant, such an experiment was not feasible because of the instability of the oxy species. When the CO complex of the Gln-E7 3 His mutant is encapsulated in sol-gel, [Gln-E7 3 His HbCO] (spectrum c, Fig. 5 ), the spectrum closely resembles that in solution (spectrum b).
Resonance Raman Spectra of the Deoxy Complex, Detection of Fe-His Mode-In the low frequency region of resonance Raman spectra of Ascaris Hb, of particular interest is the band at 201 cm Ϫ1 (Fig. 8 ) that is assigned as the Fe-His (proximal) stretching mode ( Fe-His ) (9) . The low frequency Fe-His band in deoxy-Mb and human deoxy-Hb occurs at 220 and 215 cm Ϫ1 , respectively. Interestingly, the Fe-His band in wild type Ascaris deoxy-Hb (201 cm Ϫ1 ) is significantly lower than that of either human deoxy-Hb or deoxy-Mb. The only other example of such a low Fe-His frequency in globins is in the clam Scapharca Hb (203 cm Ϫ1 ) (31-33). In the Gln-E7 3 Asn and Gln-E7 3 Leu mutants, the Fe-His band seen at 200 and 201 cm Ϫ1 , respectively, is very similar to that in the wild type (see Table I ). In wt and both of the E7 mutants, a weak shoulder at ϳ217 cm Ϫ1 is also observed. The Gln-E7 3 His mutant does not show any appreciable intensity in this region, consistent with the observation that six-coordinate low spin hemes do not show a Fe Resonance Raman Spectra of the Deoxy Complex, Other Heme Modes in the Low Frequency Region-The low frequency region of the resonance Raman spectra of the Ascaris wt and mutant deoxy-Hbs (Fig. 8) , with the exception of the Gln-E7 3 His mutant, show several in-plane skeletal modes ( 8 ϳ337, 7 ϳ675, 15 ϳ765, and 6 ϳ787 cm Ϫ1 ) comparable with those observed in deoxy-Mb (35) , although significant frequency shifts particularly in 8 and 15 are observed (in deoxy-Mb, 8 ϭ 342 and 15 ϭ 756 cm Ϫ1 ). Bending modes sensitive to the conformation of propionate (␦ C␤CcCd ϭ 374 cm Ϫ1 ) and vinyl (␦ C␤CaCb ϭ 408 cm Ϫ1 ) groups of the protoheme are also assigned. The intensity of the propionate bending mode in Ascaris mutants is significantly weaker than that in deoxy-Mb (35) reflecting differences in conformation of the heme propionates. Noticeably, the vinyl mode remains almost invariant in the wild type proteins and the mutants, although the propionate mode undergoes significant frequency shifts relative to that of the wild type (363 cm Ϫ1 ). By comparing the propionate mode of several Mb mutants, it was suggested that the hydrogen bonding network in the heme pocket influences the frequency of the propionate modes and the Fe-His mode in a concerted way (36) . However, such a correlation is not apparent in Ascaris mutants in which the ␦ C␤CcCd mode is located at 374 cm Ϫ1 irrespective of the Fe-His frequency.
It may be noted that the low frequency modes in deoxyGln-E7 3 His are very different from those in the other mutants described above. This difference is due to the low spin six-coordinate structure (see for example Refs. 27-29) for the ferrous Gln-E7 3 His mutant compared with the high spin five-coordinate structure of the other mutants. The resonance Raman spectra in the high frequency region (not shown here) confirm the spin and coordination states.
DISCUSSION

The Deoxy Form of the Ascaris Mutants, Changes in Proximal
Structure-The frequency of Fe-His in deoxy-HbA is responsive to the quaternary and tertiary state of the protein with the frequency of Fe-His increasing in going from the T to R state. In these states the frequency of Fe-His has been correlated with proximal strain, the protein-imposed cost in energy needed to move the iron in plane upon ligand binding (34, (37) (38) . In globins, the proximal strain is significantly modulated by the F-helix imposed positioning of the imidazole (as the F-helix anchors the position of the proximal histidine (39 -41) ). The Fe-His frequency can also be significantly modulated by factors that affect the electronic structure such as the electronic coupling between the -orbitals of Fe ϩ2 and the proximal imidazole (9) . Thus, the Fe-His frequency is sensitive to hydrogen bonding to the N ␦ of proximal histidine imidazole. Transient resonance Raman spectra of the CO photoproduct, mutagenesis studies, and ligand binding measurements can help sort between these influences. If, as in HbA, there is a very large difference between the equilibrium deoxy Fe-His stretching frequency and the CO photoproduct (38) , it indicates that there is a large strain induced by the polypeptide such that structural changes must occur prior to reaching the deoxy structure. On the other hand if the Fe-His mode has the same frequency in the deoxy form and in the photoproduct, it indicates that if there is any strain it is very local and may be rapidly accommodated without the requirement for rearrangements of the polypeptide.
A comparison with other Hbs or Mbs suggests that the very low Fe-His frequency, 201 cm Ϫ1 , in the wild type Ascaris Hb is reflective of a significant proximal strain in the Fe-His bond and/or an electronic effect such as one that may originate from the strength of the hydrogen bond between the imidazole nitrogen with proximal side residues or may originate from a conformation that weakens the chemical bonding (9, 31) . In the transient resonance Raman spectra of Ascaris Hb reported by Peterson et al. (9) , no shift of the Fe-His mode was detected in the photoproduct at 10 ns, indicating that there is no proximal strain in the Fe-His bond of Ascaris hemoglobin. Furthermore, the high reactivity of the heme, especially the high geminate yield for CO rebinding, is consistent with the absence of proximal strain (9, 42) . Thus, the low frequency of the Fe-His stretching mode must result from a different origin.
The strength of the H-bond of the proximal histidine and the polarity of the environment can have a major influence on the Fe-His stretching frequency (43) . This was illustrated in a study of hindered imidazoles bound to protoporphyrin IX in various environments (44) . In an aqueous environment the Fe-His mode of the hindered 2-methylimidazole adduct was found at 220 cm Ϫ1 , but it shifted down by 14 to 206 cm Ϫ1 when placed in detergent. When the N ␦ proton was replaced by a methyl group to form the 1,2-dimethyl imidazole adduct, an additional shift down to 193 cm Ϫ1 was observed in the detergent. This adduct was also sensitive to the polarity of the environment. A similar sensitivity of the Fe-His stretching mode to the heme environment was reported by Kitagawa (34) . Based on these results, it would seem likely that the very low frequency is a consequence of the environmental influence on the electronic properties of the imidazole ring, possibly due to a weak H-bond between the proton on the N ␦ atom and the backbone carbonyl of Leu-F4, the H-bond acceptor. However, the H-bonding strength in Ascaris Hb appears to be qualitatively similar to that in other globins that do not have such a low Fe-His stretching frequency. Thus, whereas the H-bonding to proximal histidine may be a factor, by itself it cannot explain the observations.
The crystal structure of the oxy complex of Ascaris Hb reveals that the proximal imidazole adopts a staggered configuration with respect to the heme pyrrole nitrogens in contrast to the eclipsed orientations seen for Mbs (5) . A staggered configuration is expected to pose less of an energetic barrier for moving the iron in plane upon ligand binding. In addition, in a staggered configuration less strain on the Fe-His bond would be expected so a higher Fe-His frequency would be anticipated in comparison to those structures having an eclipsed configu- ration. Indeed, this is the case for the two truncated hemoglobins, HbN and HbO, from M. tuberculosis, both of which have staggered configurations (45, 46) and the Fe-His stretching mode of both is 226 cm Ϫ1 (12) . However, the structure is quite different. For both HbN and HbO the Fe-nitrogen bond is nearly perpendicular to the heme plane. In contrast, in Ascaris Hb the bond is tilted by ϳ10°. In addition, the Fe-N bond lengths for HbN and HbO is 2.10 and 2.04 Å, respectively, whereas that of Ascaris is 2.20 Å. We postulate that this tilted conformation is the prime determinant of the low Fe-His stretching mode frequency, probably weakening the -overlap between the Fe 2ϩ and the His orbitals resulting in the lengthened H-bond and the associated low frequency of the Fe-His mode. Theoretical calculations indicate that a decrease in frequency of Fe-His scales inversely with the out-of-plane displacement of the iron (47) . It will be interesting to determine the theoretical dependence of the Fe-His mode frequency on the tilt angle of the histidine and on its rotation from the eclipsed to the staggered conformation.
The appearance of a second higher frequency Fe-His peak in several of the Ascaris deoxy (Fig. 8 ) and photoproduct (9) Hb spectra could arise from a population having a less tilted configuration. The role of the F7 residue in modulating the conformation of the proximal histidine is suggested from the large changes in Fe-His for the F7 mutants. The observation that replacing Arg-F7 with Ser increases the Fe-His frequency by 7 cm Ϫ1 resulting in just the single peak in both the deoxy form (Fig. 8 ) and the photoproduct (9) could indicate that breaking the salt bridge between the positively charged Arg side chain and the heme propionate side chain could relax the tilted configuration and allow the Fe-His bond to shorten. The appearance of the second band at ϳ217 cm Ϫ1 in Arg-F7 3 Leu could be the result of a further loosening of the proximal interactions due to the introduction of the non-polar Leu residue.
The CO Complex of Ascaris Mutants in Solution, Heme Pocket Structure-wt Ascaris HbCO exhibits two Fe-CO stretching modes (515 and 543 cm Ϫ1 ) originally assigned to two distinct conformers, L and H, respectively (10) . We renamed the L conformer as L1 to accommodate the third Fe-CO stretching mode at ϳ495 cm Ϫ1 that we term the L2 conformer. The H conformer is associated with a tightly structured distal pocket (10) reminiscent of the dioxygen-liganded form with its hydrogen-bonding network, as proposed in the crystal structure (5). It was proposed that a dynamic equilibrium between the H and L conformations exist, and the L conformer may control the rate of ligand dissociation in the CO complex. Upon mutation of Tyr-B10 to Phe the H conformer is lost, and only the L conformers prevail. This mutation results in an increase in oxygen dissociation rate (ϳ270-fold) (6) suggesting that the network of the H conformer plays a significant role in stabilizing the oxy complex.
In the E7 mutants, the L2 conformer, with the Fe-CO at 490 -495 cm Ϫ1 , is seen as the major conformer. Additionally, for various substitutions at the E7 position, significant changes (intensity as well as frequency) in the H conformer are observed. In Gln-E7 3 Leu, the H conformer is much weaker and downshifts to 536 cm Ϫ1 , relative to the wild type protein. This suggests that the H conformer has a less rigid hydrogen-bonding network than that in the wild type protein, consistent with the loss of the supporting hydrogen bond from the Gln-E7 to the Tyr-B10 as well as to the CO.
In the Gln-E7 3 Asn mutant, both L1 and H conformers almost disappeared, and the L2 conformer became predominant. This is intriguing because placing Asn at the E7 position not only abolishes the E7 interaction with CO (L1 conformer) but also seems to eliminate the interaction between the Tyr-B10 and the CO (H conformer). One way the Asn-E7 could cause such a structural change is by locking the Tyr-B10 in a displaced orientation by hydrogen bonding. The Asn side chain is shorter in length than the Gln; hence, it is further from the CO, and it also causes the Tyr to be significantly displaced away from the heme-bound CO. UV resonance Raman data on this mutant is consistent with such an interpretation. 2 The heme pocket conformation is significantly altered upon introducing a histidine group with a bulky aromatic side chain (Gln-E7 3 His) at the E7 position. In the absence of exogenous ligands an intrinsic amino acid residue, presumably the His-E7, acts as a ligand to the heme iron. With CO bound to the heme iron, however, both the His-E7 and the Tyr-B10 residues move away, apparently because it is difficult to accommodate two aromatic rings adjacent to CO. Indeed, similar to the Gln-E7 3 Asn mutant, the population distribution between the possible conformers is drastically different from the wt distribution, exhibiting only the L2 conformer ( Fe-CO at 495 cm Ϫ1 ). Although not directly connected to the heme-bound ligand, mutation of Arg-F7 causes significant changes in the population of Fe-CO conformers. In both of the F7 mutants studied, a large population of the L2 conformer is observed that depletes most of the H and L1 conformers, particularly in the Arg-F7 3 Ser mutant. Thus, it is evident that Arg-F7 plays an important role in stabilizing and controlling the active site structure. Arg-F7 mutations also cause major changes in Fe-His frequency as discussed earlier. It may be noted that mutation of Arg-F7 in Ascaris Hb produces a different result than in human Mb, in which removal of the hydrogen bond between proximal histidine and Ser-F7 (in F7Ser 3 Ala mutant) does not cause any significant change in distal pocket structure (48) . It is likely that in the absence of the salt bridge between Arg and the heme propionate, a substantial change in heme orientation occurs resulting in partial relaxation of the proximal histidine as well as displacement of heme-bound CO relative to the E7 and B10 residues. The Arg-F7 3 Leu mutant that shows multiple Fe-His populations at 201 (same as in wild type) and 217 cm Ϫ1 in the deoxy complex partially retains H and L1 conformers (as in wild type) in its CO complex. On the other hand, the Arg-F7 3 Ser mutant displays very little of the H and L1 conformers consistent with its Fe-His completely changing to a new frequency (208 cm Ϫ1 ). Trapping Nonequilibrium Intermediates in Sol-gel-An important aim of the present work is to create and stabilize a desired protein conformational template in sol-gel that otherwise is impossible to achieve in solution. We found that the oxy form of the protein that was initially encapsulated in sol-gel preserved its active site conformation even when the ligated oxygen was removed and replaced by another ligand (CO). Thus, the sol-gel environment constrains the oxy conformation so that CO could bind to an oxy template. When comparing the resonance Raman spectra of [wt HbCO] or wt HbCO in solution to [wt Hb oxy CO], the latter shows a higher population of the H conformer: Fe-CO at 543 cm Ϫ1 and ␦ Fe-C-O at 588 cm Ϫ1 (a similar result was obtained for the wt-D2 fragment). This finding indicates that the structure of the H conformer (and not that of the L conformers) is closely associated with the oxy derivative distal pocket structure with its closed conformation and rigid network of hydrogen bonds.
A large increase in the population of the H conformer (536 cm Ϫ1 ) in [Gln-E7 3 Leu Hb oxy CO] relative to that in solution and [Gln-E7 3 Leu HbCO] clearly suggests that the sol-gel stabilizes the initial oxy conformation. A very similar increase in population of the H conformer (542 cm Ϫ1 ) is also observed in the Arg-F7 3 Leu mutant ([Arg-F7 3 Leu Hb oxy CO]). This conclusion is further strengthened as it is found that when the initial equilibrium oxy form does not have the wt closed and tight configuration, then sol-gel trapping and subsequent ligand replacement with CO does not exhibit an increase in the H conformer population. Such is the case for Gln-E7 3 Asn mutant, in which the distal pocket conformation is significantly changed relative to wild type. For this mutant no significant change can be observed when comparing the conformation of [Gln-E7 3 Asn Hb oxy CO] to [Gln-E7 3 Asn HbCO] (or the solution CO form).
Conclusions-This work demonstrates that a distribution of conformers exists in the distal heme pocket of Ascaris Hb and that it is ligand-dependent. In solution three distal pocket conformers are found in the CO complex. Additionally, finetuning of the equilibrium distribution between the various CO-ligated conformations of the Ascaris distal pocket is possible by residue substitution. In some cases, more than one conformer is discovered in the deoxy complex, indicated by the presence of multiple Fe-His stretching frequencies.
Multiple conformers of the oxy complex are detected via sol-gel trapping, and this method constitutes a novel application of sol-gel in creating a template of nonequilibrium protein conformations. We have shown that it is possible to lock in the oxy form in the sol-gel and thus shift the population distribution of the subsequently CO-ligated form toward the more closed (H) conformers. We propose that the distal pocket of wt Ascaris Hb is uniquely designed to capture the dioxygen, because only in the dioxygen derivative of the wild type is the closed conformer populated at significantly higher levels relative to that in the deoxy and CO complexes.
